Irradiation of 'Ru(bipy)2+ (bipy = 2,2'-bipyridine) with light below 560 nm results in the formation of a charge-transfer excited state potentially capable of reducing water to dihydrogen with concomitant production of Ru(bipy)33+. The In this way absorption of light in the visible may lead to a net decomposition of water into dihydrogen and dioxygen. There are additional reasons for interest in reaction 2. The oxidation of hydroxide by relatively mild oxidants is rather unusual (6)a and poses mechanistic questions relevant to the production of dioxygen in photosynthetic systems. In this paper, we report a study of the stoichiometry, kinetics, and mechanism of the reaction of Ru(bipy)33+ with water and hydroxide ion and describe how reactions of this type might be used in solar energy storage systems.
to 800 nm) species are generated by the addition of hydroxyl radical to M(bipy)s2+/3+ [M = Fe(II), Os(II), Ru(II), Cr(III), Ru(III)J in pulse radiolysis experiments. The kinetics above pH 7 are described in terms of rate-determining nucleophilic attack by hydroxide on the bound bipyridine ring. The hydroxide adduct so generated is tentatively identified with that observed in the pulse radiolysis experiments with Ru(bi-PY)3 For reduction of Ru(bipy)33+ by hydrogen peroxide ruthenium(II) production is first order with kobsd = k4HO2-] + kd[H202 where kc = 5.4 X 107 M-1 sect and kd = 8.3 M-l sect (25°, IS = 1.00 M, pH 3.5 to 9.7). This reaction produces dioxygen in 83 L 15% yield at pH 6.8 and in 1.0 N sulfuric acid.
The photodecomposition of water into its elements is one of the most attractive means of storing solar energy. This decomposition process may be broken down conceptually into three steps: light absorption, water oxidation, and water reduction. Certain [1] For the complex to function in a catalytic role, the Ru(bipy)33+ produced when the dihydrogen is generated must be rapidly reconverted to the initial, photoactive species. This may be accomplished through its reduction by hydroxide ion (4, 5) according to Eq. 2.
Ru(bipy)33+ + OH-= Ru(bipy '2+ + '402 + 42H20 [2] In this way absorption of light in the visible may lead to a net decomposition of water into dihydrogen and dioxygen. There are additional reasons for interest in reaction 2. The oxidation of hydroxide by relatively mild oxidants is rather unusual (6)a and poses mechanistic questions relevant to the production of dioxygen in photosynthetic systems. In this paper, we report a study of the stoichiometry, kinetics, and mechanism of the reaction of Ru(bipy)33+ with water and hydroxide ion and describe how reactions of this type might be used in solar energy storage systems.
MATERIALS AND METHODS Tris(2,2'-bipyridine)ruthenium(II) chloride hexahydrate was purchased from G. F. Smith and recrystallized from water before use. The ruthenium(III) complex Ru(bipy)3(Cl04)3 was prepared by oxidation with lead(IV) dioxide, cerium(IV), or chlorine in 0.5 M sulfuric acid and recrystallized once from cold 0.5 M sulfuric acid before use. The ruthenium(III) salt was stored in the dark at 00. All measurements were made in sodium sulfate media with ionic strength tt = l.OOM. In the pH range 7.9 to 10.0 the reduction of Ru(bipy)s3+ was followed on a Cary model 14 spectrophotometer. The decomposition of the complex at lower pH was monitored on a Cary 16. In these runs the solutions were exposed to light only during the intermittent sampling to minimize photolysis of the complex during the rather long time (18 hr) required for complete reaction.
To determine the dioxygen yields, 0.1-2.5 ml of heliumpurged ruthenium(III) solution (typically about 0.02 M) was injected into 3.0-7.0 ml of stirred helium-purged buffer or sodium hydroxide contained in a 15 ml capped serum bottle. After 5-20 min, the gas phase above the product solution was sampled and injected onto a 2 m long zeolite column thermostated at 500 and mounted in a Perkin Elmer Vapor Fractometer model 154. Helium was used as carrier gas. Some of the above product solutions and one prepared by slowly adding 500 ml 2 X 10-4M Ru(bipy)s3+ to an equal volume of 0.02 N NaOH were subjected to ion exchange chromatography on 2 X 15 cm columns of Bio-Rex 70 cation exchange resin (100-200 mesh) in the H+ form. The columns were eluted with 10-3 to 1 N sulfuric acid.
Hydrogen peroxide solutions were prepared by dilution of a 3% solution analyzed by titration with acidic permanganate. The ruthenium(III)-peroxide reaction was followed at 452 nm where plots of log(A. -At) were linear for at least 90% reaction.
RESULTS
The reaction of Ru(bipy)3+ with water and hydroxide ion The dioxygen yield exhibits a dramatic pH dependence. The maximum yield (about 80% that predicted from Eq. 2) is obtained at pH 9. The yield drops steeply at both higher and lower pH (5% and 25% at pH 8 and pH 10, respectively) and is essentially negligible at the more extreme pH values (<0.5% below pH 6.8 and 2% at pH 13.6). By contrast, the spectra of the product solutions obtained at pH 4.8, 9.0, and 12.6 are very similar, differing from each other less than 1% in the region of the 452 nm maximum and 5% or less in the region of the 287 nm band. The ion exchange experiments on the reaction mixture formed in 0.02 M NaOH demonstrated the presence of five materials additional to Ru(bipy)32+. In order of elution, these are: a neutral or anionic species with X, 265 nm (which is not 2,2'-bipyridine, Xmax 280, 230 nm in base and 298, 238 nm in acid); a substance having Xmx 645 nm (E = 2.6 X 103 M-1 cm'1) and Xmax 290 nm (e = 1.3 X 104 M-1 cm'1) which accounted for about 2.5% of the ruthenium taken initially; a substance with a slightly modified Ru(bipy)32+ spectrum; and two higher charged (possibly polymeric) materials which could not be eluted from the column. Parallel ion exchange of 3 mM ruthenium pH 9 and 12.8 product solutions from the dioxygen analyses showed the amount of the 265 nm species to be at least 10 times greater in the latter. Neither solution contained a detectable quantity of the 645 nm component, but both contained small amounts of the higher charged species.
In the 0.01-0.50 M hydroxide range with initial Ru(III) concentrations 5-170 ,uM, the formation of ruthenium(II) is given by
where ka = 148 M-' sec1 and kb = 138 M-2 sec1 at 250, A = 1.00 M. The 452 nm rate is largely unaffected by the addition of nucleophiles and radical scavengers: at 0.1 M sodium hydroxide, the rate is 20% slower with 0.5 M added sodium bromide. With 0.1 M t-butanol added and 0.1 M sodium hydroxide the rate is the sadie as in the absence of the alcohol; however at 1.1 M t-butanol the 452 nm rate increases by a factor of four. The activation parameters for the ka path are AH* = 15.3 i 1.0 kcal molh' and ASt = +7 4 The reaction of M(bipy)32+/3+ with hydroxyl radicals In collaboration with Dr. H. A. Schwarz, the reaction of hydroxyl radical with various tris(bipyridine) complexes was
As an example, in pH 9.5 borate buffer with initial ruthenium(III) 10 uM, the reaction is first order with ko0w = 1.40 X 10-2 sec1 at 452 nm. The same rate constant is found at 675 nm when ruthenium(III) is 1-2 mM initially, but the reaction rate seems to accelerate after ruthenium(III) declines to about 0.2 mM. When ruthenium(III) is initially -0.2 mM, the initial (after 10-15 sec) 675 nm absorbance value is about 70% too large, the 675 nm decay is too rapid, and first-order plots of the data are markedly curved, tending to slower rates at longer times. At long times the slopes of the first-order plots approach kbd = 1.4 X 10-2 sec-1. As such complex observations can be ascribed to interference by impurities, many attempts were made either to determine the nature of or to remove possible impurities: the reaction rate changed 10% or less when iron(III), copper(II), or chromium(VI) was added at the 10-5 M level. The same kinetic behavior was observed with ruthenium(III) prepared by lead dioxide, chlorine, or cerium(IV) oxidation. Rates were found to be the same with 0.01 and 0.1 M buffer. It was, however, noted that using aged (>30 min old) ruthenium(III) stock solutions consistently gave too rapid (apparently first-order) reaction. If these observations are indeed indigenous to the Ru(bipy)33+-hydroxide reaction they can be explained by postulating that a rapidly formed intermediate absorbing strongly at 675 nm confuses the observation of ruthenium(III) disappearance at this wavelength. The detailed time dependence of the absorbance change in these kinetic runs can be simulated in terms of a mechanism invoking product inhibition of the formation of this intermediate.
Chemistry
-0.001 N acid with it = 1.00 M, sodium sulfate]. Under all conditions the addition of hydroxyl radical to these complexes was extremely rapid (koH = (0.6-2.0) X 1010 M-' sec'1). Furthermore the reaction yielded in all instances a species with an absorption maximum between 750 and 800 nm [Emax = (0.5-2.1) X 103 M-1 cm-1]. The intensity of the 750 nm band for the Ru(bipy)32+/hydroxyl radical adduct was found to be constant over the pH range 3.6-13.0. Preliminary experiments provide, however, some evidence for a pK at about 13.5. This adduct decayed by second-order kinetics (2k = (1-2) X 107 M-1 sec-') over the pH range 5-11. At higher and lower pH the decay was more rapid and followed mixed kinetics which were not very reproducible. By contrast, the disappearance of the Ru(bipy)s3+/hydroxyl radical adduct studied at pH 2-3 was quite slow. Kinetics of the reaction of Ru(bipy)33+ with hydrogen peroxide This reaction was studied at 250 using solutions about 3 ,M in Ru(bipy)s3+ (,M = 1.00 M, sodium sulfate). The rate of formation of ruthenium(II), followed at 452 nm, was found to show an inverse acid dependence. For the peroxide reaction two processes must be considered:
Ru(JIl) + HO2 ( 
DISCUSSION
For reaction of Ru(bipy)s+ with water or hydroxide ion, the kinetic studies implicate pathways zero-, first-, and secondorder with respect to hydroxide ion. Below pH about 7 the hydroxide-independent path predominates while above pH 13 the second-order hydroxide path makes a substantial contribution. The latter could arise from the attack of hydroxide on a ruthenium(III)-hydroxide ion pair or could be caused by the change in medium. It will not be discussed further. The dioxygen yield is maximal in a pH range where the kinetics are complex but the first-order hydroxide path predominates. The steep drop in yield at higher base concentrations does not coincide with a change in the rate-determining step for the reaction. Over the entire pH range the formation of Ru(bipy)32+ remains predominantly first-order in character. Moreover the absence of any effect of added bromide and t-butanol shows that free hydroxyl radicals (or the conjugate base O-) are not produced in the reaction. These and other observations are embodied in the following scheme (Eqs. 6-9). Ru"1(bipy)3OH2+ and (Ru"1(bipy)30H2+)' Reaction 6, the rate-determining step for the low pH reaction, is an intramolecular electron-transfer from a bound bipyridine in Ru(bipy)s33+ to the metal center. The carbonium-ion-like radical generated in Eq. 6 may either return spontaneously to the starting complex or react with water (Eq. 7) or hydroxide ion (Eq. 8). Eq. 9, direct attack of hydroxide on Ru(bipy)33+, corresponds to the rate-determining step for the first-order hydroxide term in the high pH rate law (Eq. 3). The products of Eqs. 7-9 are isomeric and the proportions of the two formed by the three pathways are not necessarily the same. In the presence of excess Ru(bipy)s3+, Ru(bipy)sOH2+, and (Ru(bipy)sOH2+)' are rapidly oxidized to Ru(bipy)3OH3+ and (Ru(bipy)sOH3+)', respectively (Eq. noting that both nucleophilic attack of hydroxide on Ru(bipy)33+ and electrophilic addition of hydroxyl radical to Ru-(bipy)32+ should occur preferentially at the 4-and 6-positions of bipyridine. Consequently, either or both of the products of Eq. 9 may be identical with the adduct(s) formed from pulse radiolysis of Ru(bipy)32+. One of the most remarkable features of the Ru(bipy)33+/ hydroxide reaction, the steep dependence of dioxygen yield upon pH, finds no ready explanation in terms of the pulse radiolysis studies of the Ru(bipy)32+/hydroxyl reaction at various pH values. There is no spectrophotometric evidence for pH-dependent equilibria over the pH range 3.6-13.0; furthermore, the second-order rate constant for the decay of the adduct remains nearly constant throughout this range. As pH-dependent reactions of the Ru(bipy)sOH2+ adducts must be neglected, base-dependent reactions of the Ru(bipy)3OH3+ species are invoked to account for the pH dependence of the product distribution. In Eqs. 11-13 these are shown for only one isomer for the sake of brevity. The above mechanism, although not implausible, is by no means unique. Not all features of the reaction are understood; nevertheless, the combined evidence from the kinetic, product, and pulse radiolysis studies strongly implies that dioxygen formation results from reaction of species in which hydroxide has been added to the bound bipyridine ring. Such reactions lead to the equivalent of those of free hydroxyl (but avoid its thermodynamically expensive formation), and the Ru(bipy)3 moiety may be said to chaperone hydroxyl through the reaction sequence. A solar energy storage system Upon absorption of light in the visible region, Ru(bipy)s2+ yields *Ru(bipy)32+ which is, in principle, capable of reducing water or hydrogen ion to dihydrogen in the pH range 0-14 (1) . As shown in this study, the Ru(bipy)33+ produced in the dihydrogen-generating reaction can be rapidly reduced by hydroxide with the liberation of dioxygen. The tris(bipyridine)ruthenium and related systems may by this means effect the photodecomposition of water into its elements. This photodecomposition, with the accompanying separation of the dihydrogen and dioxygen produced, might be accomplished in a cell of the following type. An n-type semiconductor electrode (14, 15 ) is connected to a metal electrode, e.g., platinum, and the two electrodes are immersed in a pH 9 buffer containing Ru(bipy)32 . The semiconductor electrode is illuminated and the *Ru(bipy)32+ near the electrode surface injects an electron into the conduction band of the semiconductor! The Ru(bipy)33+ resulting is then reduced by hydroxide ion to the starting complex with the production of dioxygen. The electrons released by the *Ru(bipy)32+ flow from the semiconductor electrode through the external circuit to the platinum electrode where they effect the reduction of water (or hydrogen ion) to dihydrogen. The net reaction occurring in the cell would thus be the photodecomposition of water into dihydrogen and dioxygen.
The advantage of this type of cell over others described previously would be that a substrate photochemically active in the visible region of the spectrum can be rapidly regenerated by oxidation of water. Previously described cells have either not functioned by the absorption of light in the visible region (14, 15) or have required the addition of a reducing agent to regenerate the photosensitizer (16) (17) (18) (19) 
